Atheroprotective flow exerts antioxidative and anti-inflammatory effects on vascular endothelial cells (ECs), in part through the induction of Sirtuin 1 (SIRT1), a class III histone deacetylase. The role of Ca 2+ /calmodulin-dependent protein kinase kinase (CaMKK)β in flow induction of SIRT1 both in vitro and in vivo was investigated. Pulsatile shear stress mimicking atheroprotective flow increased the level of SIRT1 in cultured ECs by enhancing its stability, and this effect was abolished by inhibition or knockdown of CaMKKβ. Flowenhanced SIRT1 stability was primarily mediated by CaMKKβ phosphorylation of SIRT1 at Ser-27 and Ser-47, as evidenced by in vitro kinase assay, mass spectrometry, and experiments using loss-or gain-of-function SIRT1 mutants. Flow-induced CaMKKβ phosphorylation of SIRT1 Ser-27 and Ser-47 increased antioxidative and antiinflammatory capacities. Ablation of CaMKKβ or SIRT1 in mice with an apolipoprotein E-null background showed increased atherosclerosis both in athero-prone and in athero-protective areas. The results suggest that the CaMKKβ-SIRT1 axis in ECs is mechanosensitive, antioxidative, and anti-inflammatory.
S
hear stress-imposed endothelial responses affect vascular physiology and pathophysiology. Ample evidence indicates that atheroprotective flow with pulsatile shear stress (PS) modulates endothelial homeostasis via antioxidative and anti-inflammatory effects on vascular endothelial cells (ECs). These beneficial effects are mediated in part by the induction of Sirtuin (SIRT)1 (1) . Functioning as a class III histone deacetylase, SIRT1 modulates cellular functions through deacetylation of targets such as Forkhead box (Fox)O, peroxisome proliferator-activated receptor (PPAR)γ, PPARγ coactivator (PGC)1α, and nuclear factor kappalight chain enhancer of activated B cells (NF-κB), which are involved in oxidative and inflammatory states of the cell (2) . SIRT1 ablation in ECs blocks angiogenesis in vitro and in vivo (3) , and transgenic mice with EC-specific SIRT1 overexpression show decreased atherosclerosis (4) . Additionally, SIRT1 can deacetylate endothelial nitric oxide synthase (eNOS) to stimulate eNOS activity and increase NO production (5) .
The expression of SIRT1 is controlled at multiple levels, including transcription, posttranscription, and posttranslation (6). Posttranslationally, the SIRT1 level and/or its activity can be modulated by sumoylation and phosphorylation (7, 8) . Also, the mRNA stability of SIRT1 can be regulated by microRNAs (9, 10) . More than 10 residues of SIRT1 are phosphorylated/ dephosphorylated in multiple cell types under various conditions (7) . Among these, Ser-27 and Ser-47 in human SIRT1 are the most studied. Several kinases, including c-Jun N-terminal kinase (JNK) 1, JNK2, mammalian target of rapamycin, and cyclindependent kinase 5 (CDK5), are implicated in the phosphorylation of Ser-27 and Ser-47 (11) (12) (13) (14) , but the functional consequence of their phosphorylation is unclear. None of the identified kinases involved in SIRT1 phosphorylation has been shown to respond to atheroprotective flow. Given the link between shear stress and SIRT1, there could be a flow-responsive cytoplasmic kinase that phosphorylates SIRT1 to enhance its activity.
Like SIRT1, AMP-activated protein kinase (AMPK) functions as a master regulator in stress response and energy homeostasis in eukaryotic cells. SIRT1 and AMPK are coregulated by caloric restriction, resveratrol, and exercise (15, 16) , which coordinately deacetylate and phosphorylate a common set of molecular targets such as PGC1α (17) . Because SIRT1 and AMPK are regulated in concert, a common upstream regulator is likely to exist. Considering that elevated AMPK activity requires the phosphorylation of Thr-172 in its α subunit by AMPK kinases (AMPKKs), an AMPKK might also phosphorylate SIRT1 to regulate its activity or expression. The probable kinases involved in such regulation are Ca 2+ /calmodulin-dependent protein kinase kinase (CaMKK)β and liver kinase B1 (LKB1), the most-studied AMPKKs.
Here, through an examination of the mechanism by which SIRT1 level and activity are enhanced by atheroprotective PS in ECs, we report that CaMKKβ phosphorylates SIRT1 at Ser-27 and Ser-47 to increase its stability and activity. The translational significance of these findings is demonstrated by the increased atherosclerotic lesions in mouse lines with ablation of CaMKKβ or SIRT1.
Results
Shear Stress-Induced SIRT1 Depends on CaMKKβ. To establish a link between CaMKKβ and SIRT1 in the context of endothelium exposed to atheroprotective flow, we first examined CaMKKβ activation and its correlation with SIRT1 level in human umbilical Significance Different flow patterns in the arterial tree determine the severity and topographic distribution of atherosclerosis. Atheroprotective flow exerts anti-inflammatory and antioxidative effects on vascular endothelial cells, and the underlying mechanism involves the flow-induced upregulation of Sirtuin (SIRT)1. This study reveals that athero-protective flow activates Ca 2+ / calmodulin-dependent protein kinase kinase (CaMKK)β, which, in turn, phosphorylates SIRT1 at Ser-27 and Ser-47 to increase the stability and activity of SIRT1. The mechanosensitive CaMKKβ-SIRT1 pathway alleviates inflammatory and redox status in the endothelium. Such a conclusion is evident from the drastically increased atherosclerosis in mice lacking CaMKKβ or endothelial SIRT1.
vein endothelial cells (HUVECs) subjected to PS. As illustrated in Fig. 1A , both CaMKKβ (the upper band recognized by an anti-pan-CaMKK) and SIRT1 levels were significantly elevated at 4 and 8 h after PS. As expected, there was an increase in phosphorylation of CaMKKβ targets [Ca MEFs (Fig. 1D) . These results indicate that CaMKKβ plays a critical role in mediating the PS regulation of SIRT1.
CaMKKβ Phosphorylation of SIRT1 Enhances SIRT1 Stability. We then investigated the molecular basis by which PS increases the level of SIRT1. Because the mRNA level of SIRT1 did not change in ECs with the applied PS (Fig. S1A) , we examined whether the elevated SIRT1 level was attributable to increased translation or protein stability. With translation inhibited by cycloheximide (CHX), the degradation rate of SIRT1 in ECs was significantly greater under static conditions than under PS ( Fig. 2A) , suggesting an increased SIRT1 stability under PS. This flow-associated effect was abolished with CaMKKβ knockdown (Fig. 2B) . Because SIRT1 stability was reported to be affected by phosphorylation of its Ser-27
and Ser-47 residues (12), we investigated whether PS-increased SIRT1 stability was mediated via phosphorylation of SIRT1 at Ser-27 and Ser-47 and, if so, whether these modifications require CaMKKβ. As shown in Fig. 2C , PS increased the phosphorylation of SIRT1 Ser-27 and Ser-47, which was concomitant with increased SIRT1 level. Moreover, CaMKKβ siRNA knockdown greatly attenuated the phosphorylation of Ser-27 and Ser-47, both at the basal level and under PS (Fig. 2D ). To further examine the role of Ser-27 and Ser-47 phosphorylation on SIRT1 stability, we overexpressed the phosphomimetic (i.e., SIRT1-S27D47D) or dephosphomimetic (i.e., SIRT1-S27AS47A) mutant in SIRT1 −/− MEFs for CHX pulse-chase experiment. As shown in Fig. 2E , the exogenously expressed SIRT1-S27DS47D was more stable than SIRT1-S27AS47A. Taken together, these results indicate that PS increased SIRT1 stability and that this was associated with phosphorylation of SIRT1 at Ser-27 and Ser-47 and dependent upon CaMKKβ.
CaMKKβ Phosphorylates SIRT1 at Ser-27 and Ser-47. CaMKKβ phosphorylates AMPK at Thr-172, CaMKI at Thr-177, Ca 2+ / calmodulin-dependent protein IV (CaMKIV) at Thr-196, protein kinase B (PKB) at Thr-308, and BR serine/threonine kinase (BRSK)1 at Thr-189 (18) (19) (20) (21) (22) . Homology among amino acid sequences adjacent to SIRT1 Ser-27, Ser-47, and the respective CaMKKβ phosphorylation sites of AMPK, CaMKI, CaMKIV, PKB, and BRSK1 ( Fig. 3A) indicates that CaMKKβ could be a SIRT1 kinase. To verify this, we first performed in vitro kinase assay using recombinant SIRT1 and CaMKKβ. In the presence of Ca 2+ /CaM, SIRT1 phosphorylation at both Ser-27 and Ser-47 was increased (Fig. 3B) . As a positive control, AMPK phosphorylation at Thr-172 was increased as well (Fig. 3C) . Additionally, nanoliquid chromatography/tandem mass spectrometry (nano-LC-MS/ MS) analysis confirmed that CaMKKβ can phosphorylate Ser-27 and Ser-47. The phosphorylation of SIRT1 at Ser-27 and Ser-47 within the corresponding tryptic peptides was verified by characteristic neutral loss of a phosphoric acid group (98 Da) (Fig. 3 D  and E) . In addition, the sites of phosphorylation were supported by characteristic sequence ions (y and b ions) observed in the MS/MS (Tables S1 and S2 ). Thus, CaMKKβ can directly phosphorylate SIRT1 at Ser-27 and Ser-47.
PS Up-Regulates Antioxidative and Anti-inflammatory Genes via
CaMKKβ-SIRT1. Like SIRT1, PS exerts antioxidative and antiinflammatory effects on ECs, in part, by up-regulation of antioxidative and anti-inflammatory genes (2, 23, 24) . In our flow channel experiments, PS increased the mRNA level of superoxide dismutase (SOD)1, SOD2, catalase, nuclear respiratory factor 1 (NRF1), nuclear factor erythroid 2-related factor 2 (Nrf2), Krüppel-like factor (KLF)2, heme oxygenase (HO)-1, and thioredoxin (Trx)1 in ECs, which are involved in the SIRT1-regulated antioxidative effect (25) (26) (27) (28) (29) (30) . More importantly, CaMKKβ knockdown abolished this effect of PS (Fig. 4A) . To establish that CaMKKβ phosphorylation of SIRT1 mediates the induction of these antioxidative and anti-inflammatory genes, we compared mRNA levels of these genes in SIRT1
−/− MEFs transfected with pcDNA control vector, SIRT1-S27AS47A, or SIRT1-S27DS47D. Levels of all these mRNAs were higher in MEFs transfected with SIRT1-S27DS47D than pcDNA or SIRT1-S27AS47A (Fig. 4B) . In parallel, MEFs transfected with SIRT1-S27DS47D showed increased SIRT1 activity (Fig. 4C) . Because SIRT1 deacetylates eNOS with attendant increase in eNOS activity (5), MEFs expressing SIRT1-S27DS47D also showed enhanced eNOSderived NO (Fig. 4D) .
CaMKKβ Knockout Increases Oxidative Stress and Inflammation in the
Arterial Wall. To extrapolate the findings from flow channel experiments to in vivo conditions, we examined whether the levels of total SIRT1 and phosphorylated SIRT1 vary by location in the 27 and a serine at residue 46 (homologous to human Ser-47), only phosphorylation at Ser-46 was monitored for the mouse studies. Wild-type, namely CaMKKβ +/+ mice, showed higher levels of SIRT1, phosphorylated SIRT1 at Ser-46 and phosphorylated AMPK at Thr-172 in the thoracic aorta, which is exposed to atheroprotective flow, compared with the aortic arch, which is under atheroprone flow (Fig. 5A) . Importantly, CaMKKβ −/− littermates did not show increased SIRT1 expression or phosphorylation of SIRT1 or AMPK in thoracic aortas. In addition, we performed en face staining on the aortic arch and thoracic aorta of CaMKKβ +/+ or CaMKKβ −/− mice to compare the expression levels of CaMKKβ and SIRT1. As shown in Fig. S2 , the thoracic aorta of CaMKKβ +/+ mice exhibited higher levels of antiCaMKKβ and anti-SIRT1 staining than the aortic arch. However, in CaMKKβ −/− mice, the staining for both anti-CaMKKβ and anti-SIRT1 was weak and not significantly different between thoracic aorta and aortic arch. Taken together, these data indicated that the expression of SIRT1 in the arterial tree was regulated by the local flow patterns in a CaMKKβ-dependent manner.
Consistent with the antioxidative and anti-inflammatory effects of atheroprotective flow, the mRNA levels of the atheroprotective gene products SOD1, SOD2, catalase, NRF1, Nrf2, PGC1α, and eNOS were significant lower in the thoracic aorta of CaMKKβ −/− mice compared with those in CaMKKβ +/+ mice (Fig. 5B) . Conversely, the mRNA levels of intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1, E-selectin, and monocyte chemotactic protein (MCP)-1 were higher in the thoracic aorta of CaMKKβ −/− mice (Fig. 5B ). Higher levels of ICAM-1, VCAM-1, E-selectin, and MCP-1 were also found in PStreated ECs in which CaMKKβ had been knocked down (Fig. S3) . Thus, CaMKKβ ablation led to prooxidative and proinflammatory states in vivo and in vitro.
CaMKKβ-SIRT1 Is Antiatherogenic in Mouse Arterial Walls. The results in Figs. 1-5 
/ ApoE
−/− mouse lines were also obtained. After receiving a Paigen diet for 9 wk, mice were killed and en face staining was performed on the aortic specimens. As illustrated in Fig. 6 A and B (Fig. 6B) . Notably, the serum levels of total cholesterol and low-density lipoprotein were similar for the two mouse groups (Table S3 ). Compared with EC-SIRT1 +/+ /ApoE −/− mice, diploid SIRT1 deficiency in the endothelium caused a 2.4-fold increase in atherosclerosis (Fig. 6 C  and D) . The lesion areas in the aortic arch and thoracic aorta were 10 ± 1.9% and 1.5 ± 0.3%, respectively, for EC-SIRT1 +/+ /ApoE −/− mice and 21 ± 3.5% and 5.7 ± 1.2%, respectively, for EC-SIRT1 −/− / ApoE −/− mice. Similar to CaMKKβ knockout, SIRT1 ablation in the endothelium did not alter the lipid profile (Table S4 ). In all, CaMKKβ ablation in connection with decreased SIRT1 expression in the endothelium increase atherosclerosis in mouse aorta, which suggests the atheroprotective role of flow-induced CaMKKβ-SIRT1.
Discussion
The principal findings of this study are that (i) CaMKKβ phosphorylates SIRT1 at Ser-27 and Ser-47 in response to atheroprotective PS in ECs, (ii) phosphorylation of SIRT1 at Ser-27 and Ser-47 promotes SIRT1 stability and deacetylase activity, and (iii) (Fig. 1 and ref. 33) . PS can increase expression of CaMKKβ through an augmentation of CaMKKβ stability from autophosphorylation (34, 35) , as well as an increase of CaMKKβ transcription, as shown in the current study, both in the flow channel in vitro and in the thoracic aorta in vivo (Fig. S1 C and D) .
Because the SIRT1 mRNA level does not increase in ECs under PS, nor does it differ significantly between aortic arch and thoracic aorta (Fig. S1 A and B) , the PS-induced SIRT1 does not seem to involve transcriptional activation. CaMKKβ phosphorylation of SIRT1 at Ser-27 and Ser-47 contributes to the enhanced SIRT1 stability in ECs under PS. We have shown previously that shear-stress activation of AMPK involves LKB1 (36) . However, LKB1 knockdown has little effect on the PS-induced SIRT1 level (Fig. S4A) . Furthermore, both of the amino acid sequences flanking Ser-27 and Ser-47 do not align well with the phosphorylation consensus sequence of LKB1 (Fig. S4B) , suggesting that SIRT1 is not a LKB1 substrate. Rather, SIRT1 appears to be upstream of LKB1, because SIRT1 has been shown to modulate the activity of LKB1 (37) . Thus, CaMKKβ and LKB1 both can regulate AMPK, but only CaMKKβ phosphorylates SIRT1. In addition to CaMKKβ, several other kinases, including JNK1, JNK2, and CDK5, can phosphorylate SIRT1 at Ser-27 and Ser-47 (11-13). However, JNK and CDK5 are unlikely to be involved in PS-induced SIRT1 Ser-27 and Ser-47 phosphorylation because pharmacological inhibition of JNK or CDK5 does not affect PS induction of SIRT1 in ECs (Fig. S4 C and D) . Given that human SIRT1 has more than 10 putative phosphorylation sites (7), different stimuli may activate distinct sets of kinases, which would result in various patterns of posttranslational modifications of SIRT1. The lack of involvement of CDK5 and JNK in PS-induced SIRT1 phosphorylation is also supported by the observations that PS increases SIRT1 in cytoplasm, whereas CDK5-dependent phosphorylation of SIRT1 occurs in the nucleus. Furthermore, disturbed flow, but not atheroprotective flow, activates JNK (38) .
At the tissue level, the atheroprotective role of the CaMKKβ-SIRT1 axis is demonstrated by increased atherosclerosis in the thoracic aorta of CaMKKβ −/− /ApoE −/− and EC-SIRT1 −/− / ApoE −/− mice compared with the respective wild-type mice. Although CaMKKβ −/− /ApoE −/− have a systemic CaMKKβ knockout, it is to be noted that EC-restricted ablation of SIRT1 in EC-SIRT1 −/− /ApoE −/− mice confers a similar phenotype in terms of increased atherosclerosis in the normally atheroprotective areas. It is also noteworthy that the serum lipid profiles in mice were not affected by the ablation of CaMKKβ or SIRT1 (Tables S3 and  S4 ). These findings indicate that the increased atherosclerosis in CaMKKβ −/− /ApoE −/− and EC-SIRT1 −/− /ApoE −/− mice most likely resulted from the increased inflammatory and oxidative stress in the endothelium attributable to the lack of CaMKKβ-SIRT1 signaling axis, rather than through lipid changes. Noticeably, the lung ECs in EC-SIRT1 −/− mice had negligible SIRT1 level in comparison with that in EC-SIRT1 +/+ mice. In contrast, SIRT1 level in macrophages in EC-SIRT1 −/− mice was only moderately lower than that in EC-SIRT1 +/+ mice. Thus, the mildly decreased level of SIRT1 in hematopoietic cells in EC-SIRT1 −/−
/ApoE
−/− mice may also contribute to the increased atherosclerosis, although to a much lesser extent than that in ECs. This conclusion is supported by a previous study demonstrating that SIRT1 overexpression in the endothelium ameliorated atherosclerosis in mouse aorta (4) .
Our finding that CaMKKβ is a common kinase to two master regulators, SIRT1 and AMPK, in ECs that respond to shear stress suggests that CaMKKβ is a key upstream regulator of EC homeostasis by coregulating AMPK and SIRT1. This thesis is supported by the increased atherosclerosis in CaMKKβ
, and AMPKα2 −/− mice with an ApoE-deficient background ( Fig. 6 and Fig. S5 ). In addition to atheroprotective flow, statins and metformin induce SIRT1 in ECs (39, 40) , and CaMKKβ mediates the activation of AMPK by statins (41) . Thus, our findings indicate the involvement of the defined CaMKKβ-AMPK/SIRT1 pathway in the beneficial responses to various atheroprotective physicochemical stimuli (Fig. 7) .
Materials and Methods
Cell Culture, Transfections, and Shear-Stress Experiments. HUVECs at 50-70% confluence were transfected with CaMKKβ siRNA (Qiagen; SI0259713) or control siRNA (10 nM) with the use of Lipofectamine 2000 RNAi Max (Invitrogen). SIRT1-null MEFs were transfected with CMV promoter-driven wildtype SIRT1, SIRT1 S27AS47A (a gift from Ulrich Mahlknecht, University Medical Center, Homburg/Saar, Germany), or S27DS47D mutant for 48 h before use. PS with a shear stress of 12 ± 4 dyn/cm 2 was generated by a circulating flow system and a reciprocating syringe pump to introduce a sinusoidal component with a frequency of 1 Hz onto the shear stress.
Immunoblot and Quantitative PCR Analyses. Antibodies against pan-AMPK, phospho-AMPK Thr-172, pan-ACC, phospho-ACC Ser-79, SIRT1, phospho-SIRT1 Ser-27, phospho-SIRT1 Ser-47, eNOS, FoxO1, and horseradish peroxidaseconjugated anti-rabbit and anti-mouse IgG were from Cell Signaling. Antibody against pan-CaMKK was from BD Biosciences Pharmingen. Anti-β-actin, Fig. 7 . Graphic summary for the antioxidative and anti-inflammatory effects of CaMKKβ phosphorylation of SIRT1 in ECs responding to atheroprotective flow. Together, AMPK and SIRT1 activate PGC1α in the nucleus, leading to up-regulation of antioxidant enzymes such as SOD and catalase. AMPK and SIRT1 also act in concert in the cytoplasm to activate eNOS and augment eNOS-derived NO to exert an anti-inflammatory effects by repressing MCP-1, VCAM-1, ICAM-1, and E-selectin. Collectively, the coregulation of AMPK and SIRT1 by CaMKKβ contributes to endothelial homeostasis and an atheroprotective phenotype of ECs.
anti-acetyl FoxO1 Lys-271, and anti-phospho-CaMKI Thr-177 antibodies were from Santa Cruz Biotechnology. Quantitative PCR was performed by the iCycler Realtime PCR Detection System (Bio-Rad).
CaMKKβ Kinase and SIRT1 Deacetylase Activity and NO Bioavailability Assays. Recombinant SIRT1 and CaMKKβ (Sigma Aldrich) were mixed and incubated in a reaction buffer containing 50 mM Hepes (pH 7.4), 5 mM MgCl 2 , 200 μM ATP, 200 μM AMP, 2 mM CaCl 2 , and 2 μM calmodulin for 12 h at 30°C. The reaction was terminated by the addition of SDS loading buffer. For SIRT1 deacetylase activity assay, whole-cell extracts were incubated with Fluor-deLys-SIRT1 as the substrate (42) . The deacetylation of the substrate was measured by use of a microplate-reading fluorometer, with excitation and emission set at 380 and 460 nm, respectively. The NO production from cells was detected as accumulated nitrite/nitrate in the cell culture media by using nitrite/nitrate fluorometric assay (Cayman Chemicals).
Nano-LC-MS/MS. The reaction mixtures from an in vitro kinase assay were resolved with 12% (wt/vol) SDS/PAGE. The gel bands containing SIRT1 were excised, and proteins were reduced in-gel with DTT, alkylated with iodoacetamide, and digested with trypsin at 37°C for 16 h. Peptides were extracted with 5% acetic acid in H 2 O and then 5% acetic acid in CH 3 CN/H 2 O (1:1; vol/vol). Online LC-MS/MS analysis was performed with an LTQ-Orbitrap Velos mass spectrometer coupled with the EASY n-LCII HPLC system and a nanoelectrospray ionization source (Thermo Scientific) for peptide sequencing and phosphorylation identification. The LC-MS/MS data were used for the identification of phosphorylation sites by use of Mascot Server 2.2 (Matrix Science) and searching the mass-to-charge ratio data files against the National Center for Biotechnology Information database.
Mouse Models. The animal experimental protocols were approved by the University of California, Riverside Institutional Animal Care and Use Committee. ApoE En Face Immunofluorescent Staining and Confocal Scanning. Six-to eight-weekold CaMKKβ +/+ or CaMKKβ −/− mice were killed, and aortas were dissected and fixed in 4% paraformaldehyde in PBS for 1 h and then 0.5% Triton and 0.1% SDS for 30 min. The specimens were blocked with 2% BSA for 1 h before the application of antibody against CaMKKβ (Santa Cruz Biotechnology) and SIRT1 (Cell Signaling) at a concentration of 1:200 for 12 h. Alexa Fluor 488 goat anti-mouse IgG and rhodamine (TRITC)-conjugated goat anti-rabbit IgG were used as respective secondary antibodies with a concentration of 1:200 in PBS, whereas the nuclei were stained with DAPI. Images of en face staining were acquired using an Olympus FV1000 confocal microscope. The zoom-in ratio was set to be 4. DAPI, FITC, and TRITC fluorophores were excited at 405, 488, and 559 nm at laser power of 0.3%, 2%, and 1%.
Statistical Analysis. Data are given as means ± SEM averaged from independent experiments or aortic specimens as noted. Comparisons between two groups were evaluated by two-tailed Student t test or among more than two groups by ANOVA with Bonferroni or Tukey post hoc test. P < 0.05 was considered statistically significant.
